Background Toxicity grades underlie the definition of a dose-limiting toxicity but in the majority of phase I designs, the information contained in the individual grades is not used. Some authors have argued that it may be more appropriate to consider a polytomous rather than dichotomous response. Purpose We investigate whether the added information on individual grades can improve the operating characteristics of the continual reassessment method. Methods We compare the original continual reassessment method design for a binary response with two stage continual reassessment method designs which make different use of lower grade toxicity information via simulations. Specifically, we study a two-stage design that utilizes lower grade toxicities in the first stage only, during the initial non-model-based escalation, and two-stage designs where lower grades are used throughout the trial via explicit models. We postulate a model relating the rates of lower grade toxicities to the rate of dose-limiting toxicity, or assume the relative rates of low-to-high grade toxicities is unknown. The designs were compared in terms of accuracy, patient allocation, and precision. Results Significant gains can be achieved when using grades in the first stage of a two-stage design. Otherwise, only modest improvements are seen when the information on grades is exploited via the use of explicit models, where the parameters are known precisely. Continual reassessment method with some use of grade information, increases the number of patients treated at the maximum tolerated dose by approximately 5%. The additional information from lower grades can lead to a small increase in the precision of our estimate of the maximum tolerated dose. Limitations Our comparisons are not exhaustive and it would be worth studying other models and situations. Conclusions Although the gains in performance were not as great as we had hoped, we observed no cases where the performance of continual reassessment method was poorer. Our recommendation is that investigators might consider using graded toxicities at the design stage.
Introduction
The majority of phase I designs use the presence of severe toxicities as a guide to finding the maximum tolerated dose (MTD) which is the aim of Phase I trials. Dose-limiting toxicities (DLTs) are defined as pre-specified severe adverse events (AE) of grade 3 or higher, based on common toxicity criteria for adverse events (CTCAE v4.0) [1] . CTCAE are international guidelines that measure the severity of an AE from mild (grade 1) to deathrelated (grade 5). Most phase I trials [2] use a binary response for each patient which indicates the presence or absence of DLTs. Many statistical papers have explored the use of individual grades either by combining various toxicities to a summary measure and assuming a continuous response [3, 4] , or by fitting multivariate models for ordinal response, when the outcome is any toxicity grade in the scale of 1-5 [5] [6] [7] . A number of authors [4, 8] have proposed methodology that transforms the observed toxicities per patient, from mild to severe, into a single summary measure of 'equivalent toxicity score' or 'toxicity burden'. This summary measure takes the form of a linear combination of weights resulting in a single, continuous, or quasi-continuous outcome, whose expected value is a weighted sum of rates of different toxicity types and grades. Chen et al. [9] have extended designs with escalation with overdose control (EWOC [10] ) to use a quasi-continuous variable as a toxicity response. Specifically, they proposed a novel toxicity score system that quantitatively maps the multiple toxicities per patient to a normalized toxicity score. Some of these designs have been shown via simulations to be superior to designs that use a binary response under certain conditions. However, there are practical implications that one should take into account. These designs are mapping the summary scores into a scale that it is not easily interpretable by clinical investigators, and in addition, the designs are targeting an acceptable toxicity level based on an arbitrary cutoff that it is not directly related to the original 1-5 scale. Moreover, the weighting scheme of certain configurations of toxicities can result in an acceptable 'summary score' based on a pre-selected cutoff, when in fact individually these toxicities could be deemed alarming or unsafe by the clinicians. More recently, Lee et al. [11] proposed a toxicity burden score that summarizes different types and grades of toxicities into a single outcome per patient, and uses this within the Continual Reassessment framework. The approach of Lee et al. has a lot of promise since, in actual clinical studies, the type of information on toxicities is always of such a nature. Their idea is to address this specificity directly so that the different types of toxicity, if not necessarily equally weighted, appear on an equal footing when the problem is considered. Other authors [12, 13] have argued that the usual binary information on toxicity (DLT yes/no) can be refined by taking explicit account of lower and intermediary toxicity grades. Our focus here is to still consider the single binary outcome (DLT yes/no) as the main outcome variable of interest, but to see to what extent auxiliary information on lower and intermediary grades can help us in that endeavor. Our development is close to that of Wang et al. [12] but we pay particular attention to the use of information on intermediary grades in the context of the two stage continual reassessment method (CRM) designs.
If we decide to retain as our single outcome criterion the presence of DLT, then there is still an important question concerning the information which may be contained in lower grade toxicities. We might like to know whether information on individual grades can provide a more accurate or more efficient estimate of the MTD. If so, then this information could be used in improving the operating characteristics of a Phase I design. For example, a design might utilize the occurrence of a DLT as its essential outcome and, as a secondary, or auxiliary outcome variable, the occurrence of a lower grade toxicity. In this article, we compare designs based on the CRM that use information on grades in various ways. For example, one can use individual grades only at the beginning of a twostage design when limited data are available in order to enrich the dose escalation early based on the information obtained from non-DLTs and possibly reach the MTD faster. Another design can utilize the grades throughout the trial by modifying the CRM algorithm for an ordinal response. In this situation, we assume a model so that the rate of occurrence of lower grade toxicities can be related to the rate of occurrence of DLTs. As the data are sequentially gathered, information can be obtained about the relative rates of lower grade toxicities and DLTs. If this knowledge can help in identifying the MTD more accurately then, of course, it might be made use of in dose finding studies.
The definition of a DLT itself combines a lot of information on grades. This is done in as part of a complex, if informal, procedure to determine which kind of toxicities are, broadly, unacceptable. Taking into account of lower grade toxicities is unlikely to make very big changes to our ability to accurately locate the MTD. However, even intuitively, we can see that there are cases where the presence or absence of lower grade toxicities will be providing some information. If there is no indication of any kind of reaction to treatment, or drug levels, then the chance must be quite high that we are still experimenting too low to be in the neighborhood of the MTD. It can also be of interest in its own right to learn something of the relationship between the occurrence of lower grade toxicity to the occurrence of DLT. In the comparative work that follows, we consider two stage CRM designs which make different use of lower grade toxicity information. Specifically, we study a two-stage design that utilizes lower grade toxicities in the first stage only, and two-stage designs where lower grades are used throughout the trial via explicit models. For purposes of reference within this article, we call these designs continual reassessment method with the use of intermediary grades denoted as CRMG and shown in Table 1 .
Methods

CRM background
When the response is binary, i.e., the presence or absence of a DLT, we use the CRM-based design as described by O'Quigley et al. [14, 15] . Using the same notation as O'Quigley and Shen [15] , we assume the trial consists of k-ordered dose levels, d 1 , d 2 ,. . ., d k , and a total of n patients. The visited dose level for patient j is denoted as x j , and the binary toxicity outcome is denoted as y j , where y j ¼ 1 indicates a DLT for patient j, and 0 indicates absence of a DLT. O'Quigley and Shen used a oneparameter working model for the dose toxicity relation of the form, d i , a ð Þ¼ a i , where a 2 (0, 1) is the unknown parameter, and i are the standardized units representing the discrete dose levels d i . Since drugs are assumed to be more toxic at higher dose levels, (d i , a) is an increasing function of d i . The parameter estimate â can be obtained through a Bayesian framework [14] or maximum likelihood estimation [15] . The first design in our comparison is the LCRM as described by O'Quigley and Shen [15] . This is a two-stage design where the first stage can be based on any rule, usually one constructed by the clinicians. This allows for great flexibility. For this first stage, there is no model and no real statistical considerations. Once a toxicity has been observed (assuming we have at least one nontoxicity), then the model can be fit and we embark on the second stage based on a usual CRM model with binary response. Although not enjoying any particular advantage in terms of efficiency, a first stage based on 3þ3 inclusions has a feature attractive to some clinicians in that it looks exactly like the standard design until the first toxicity is observed, at which time the CRM allocation and estimation cycle kick in. For this reason, here, we use a first stage based on 3þ3 inclusion until heterogeneity among the responses is observed and then the parameter â can be estimated using the likelihood approach. The heterogeneity among the responses guarantees a unique solution to the likelihood equation. Once the current estimate of â is calculated, the MTD is defined to be the dose d 0 2 {d 1 ,. . ., d k } such that some distance measure is minimized. The choice of measure allows a lot of flexibility and we may, for example, prefer to give greater weight to the lower of two doses on either side of the running estimate, such as in EWOC designs. Here, we use the simplest distance; | (d 0 , â) À |. The parameter is a pre-specified acceptable probability of toxicity (also known as the target rate).
Two-stage designs using information on grades during the first stage
Two-stage designs often follow dose escalation rules based on clinical criteria at the beginning of the trial when limited data is observed [16, 17] . Thus, the second design we included for comparison utilizes information on individual grades at the first stage of a two-stage design in order to guide the dose-escalation early on before a DLT is observed. The hypothesis is that individual grades might improve the performance of two-stage CRM-based designs since low-grade toxicities, although non-DLTs, can be indicative of an increased probability of encountering a DLT at the respective dose levels. For simplicity, we assume that the response for the jth patient Y j takes three values denoting 0: no toxicity; 1: mild and or moderate toxicity (grade 1-2 based on CTCAE criteria); and 2 ¼ DLT (grade 3-5 by CTCAE). Table 2 describes the above severities. Table 1 Designs
CRM
Usual CRM two-stage design making no use of information on grades CRMG(1,0) CRM two-stage design using information on grades only in first stage CRMG (1, 1) CRM two-stage design using grades in both stages. For the second stage, the association parameter between intermediary toxicities and DLTs is known CRMG (1, 2) CRM two-stage design using grades in both stages. For the second stage, the association parameter between intermediary toxicities and DLTs is estimated by maximizing the appropriate likelihood Throughout this article, we assume that multiple toxicities have already been combined by the clinicians into one single outcome per patient which takes three levels as described above. The design at the first stage allows for dose escalation when the sum of toxicities is less than or equal to 2, whereas it stays at the same dose level if the maximum level has been reached. This design is similar to accelerated designs that use grades during the first stage. However, if the sum of toxicities is greater than 2 (assuming we also have heterogeneity), then the second stage of the design uses the CRM-based algorithm with a binary response of presence/ absence of DLT. Patients are accrued one at a time. This scheme means that in practice, as long as we see toxicities of severities 0, or two or fewer moderate toxicities, we escalate. The first DLT coded two necessitates a further inclusion at this same level and only a 0 severity for this inclusion allows an escalation. A severity of 1 or 2 at this inclusion or 3 moderate toxicities among the accrued patients would initiate the second stage. Note that we define escalation rules during the first stage that do not allow an escalation after observing a DLT, so that the design is coherent. CRM designs are shown to be coherent during the modeling stage [18] , and Cheung [19] has proposed ways so that two-stage designs are coherent at the point where the first stage ends and the second stage initiates. That is, a patient cannot be treated at a higher dose level than the level for the patient who just had a DLT. It is important to enforce these restrictions in practice in order to make the investigators more comfortable with two-stage designs. The attractive aspect of twostage designs is that the algorithms and database infrastructure used for binary response can be used without modification to obtain the dose assignment since the second stage of two-stage CRM designs remains unchanged. On the other hand, the escalation in the first stage is guided by clinical information rather than by some arguably arbitrary algorithm. For example, Figure 1 shows the dose escalation for a 25-patient trial that followed a first stage design based on the 3þ3 algorithm versus using information on individual grades to test six dose levels. If one compares CRM and CRMG(1,0) (top panel), both trials have used CRM with binary response at the second stage and have successfully found the true MTD which is level four, but the trial that utilizes grades during the first stage, CRMG (1,0), is able to reach the MTD faster and treat 11/25 patients at the MTD. 
CRM design with ordinal response
The third design assumes an ordinal response in order to incorporate the grade information. This information is used via a model so that we postulate a relationship between the rates of DLTs and the rates of moderate toxicities that are non-DLTs. Specifically, assume that x j denotes the visited dose level for the jth patient, Y j is the response outcome for that patient taking three values 0, 1, and 2, corresponding to no-toxicity, mild, or moderate toxicity, and a DLT, respectively. Assuming Y j follows multinomial distribution, the likelihood L ¼ (a, b, Y, x) will be updated after the jth patient is observed by:
is the contribution of the jth patient to the likelihood given by:
where Y j0 and Y j1 are two binary indicators taking the value 1 if patient j has an outcome of Y ¼ 0 and Y ¼ 1, respectively; 0 otherwise. Now p 0 , p 1 can be expressed through the following working models which are a function of the respective dose level x j and the two parameters a, b.
The parameter a has the same interpretation as in the original CRM design, it controls the estimated rate of DLTs at each dose level. The parameter b can be viewed as the parameter that controls the probability of any toxicity of any grade> 0, i.e.,
The rate of DLTs, given we have observed a toxicity of mild or higher grade is given by the conditional probability
Thus, a higher value of b corresponds to a higher probability of DLT given that some toxicity is observed. Depending on the prior information on b from previous studies, one can assume that b is known and constant, thus only a needs to be estimated by the data; or alternatively b can be assumed to be an unknown parameter and should be estimated by the current data. If no prior information is available then both a, b can be estimated by maximizing the above likelihood. Alternatively, assuming some information is available on the ratio of DLTs to non-DLTs among any observed toxicities and using a prior distribution on b, one can estimate both a, b using the Bayesian framework. In this article, we compare via simulations four CRM-based designs as described below: 1) A basic two-stage CRM where no use is made of the information on grades and the first stage is based on 3þ3 dose escalation as described in Iasonos et al. [16] . When the first DLT is observed, the second stage kicks in. This is denoted in the text, figures, and tables as CRM. 2) A two-stage CRM design that uses information on grades to allow more rapid escalation in the first stage when low grade toxicities are encountered. The first stage is completed when the sum of the toxicity scores is greater than 2 and there is heterogeneity among the responses. The second stage makes no use of information on lower grade toxicities. This is denoted in the text, figures, and tables as CRMG(1,0). 3) A two-stage CRM design that is the same as CRMG(1,0) but, in the second stage, has the additional feature of using a model to relate the probability of a higher grade toxicity given information on the observation of lower grade toxicity. We use a simple working model for this based on a single parameter b. We study the situation when b is considered known. The known value might have been obtained from other data although, mostly, our use of a known value is for theoretical purposes, providing us with some kind of a bound when compared with the more realistic situation in which b is not known precisely. Such imprecise knowledge could be characterized by an appropriate prior. We denote this design CRMG(1,1). 4) A two-stage CRM design that is similar as the design to CRMG(1,1) but it considers the parameter b to be unknown and to be estimated, simultaneously with the parameter a, by maximizing the likelihood. This is called CRMG(1,2) since it is based on a two-parameter model.
In addition to estimating the MTD by each design, we compare the confidence interval (CI) width for the P(Y ¼ 2) which depends on the variance of â. A 95% CI for the probability of DLT at the MTD can be estimated by normal approximation when the response is binary as discussed by O'Quigley et al. [20] where the variance of â is given in the respective article. For designs CRMG(1,1), CRMG(1,2) the variance of â is approximated numerically and obtained via the inverse of the information matrix when maximizing the likelihood at the (n þ 1)th dose assignment after using the accumulated data from n patients.
Simulation study
We simulated 1000 trials testing six dose levels with a fixed sample size of 25 patients. All designs used an equal number of patients in order to properly assess whether any gains in estimation were a result of the added information provided by the lower toxicity grades, and not by an increased sample size. The recommended dose level is the dose assignment after observing the 25th patient as proposed by O'Quigley et al. [14] . The standardized units i representing the discrete dose levels d i were varied to reflect a steeper or flatter initial dosetoxicity curve. In the Bayesian framework, these i values are the initial estimates of the probability of a DLT at each dose level, while within the likelihood approach they are generally referred to as a skeleton, the reason being that no interpretation can be given the values of i since, raising to any arbitrary positive power leaves all operating characteristics unaffected. We present simulations with i equal to (0.05,0.1,0.15,0.2,0.25,0.3) which we believe reflect a slowly increasing curve which is common in clinical practice. The target rate of acceptable toxicity at the MTD varied between 0.2 and 0.3. A higher rate of 0.3 allows for fewer moderate or nontoxicities, whereas a rate of 0.2 allows for more information in the observed mild or moderate toxicities. The results were similar, so we present simulations when ¼ 0.2. The MTD was selected as the level with estimated P(DLT) closer to the target rate of 0.2. For the data generation, we ran simulations under various true toxicity curves that varied the true probabilities of P(Y ¼ 2), P(Y ¼ 1), and P(Y ¼ 0). The value of P(Y ¼ 2) was selected arbitrarily in order to change the location of the true MTD as well as the spacing between the MTD and the surrounding dose levels. We present four scenarios, as shown in Table 3 where the location of the MTD varies from the middle to the highest dose level. Once
was fixed at 0.32. The value of b ¼ 0.32 was chosen so that the P(Y ¼ 0) and P(Y ¼ 1) were both equal to 0.4 at the MTD. For the analysis part, we used the working models as described in the previous section. Designs denoted as CRM and CRMG(1,0) are using a one-parameter model with binary response to estimate â. For design CRMG (1,1) of 'CRM design with ordinal response' section, we evaluated cases when b is known with various values of b, such as b ¼ 0.32, 0.4, 0.25, 0.20. Design CRMG(1,2) estimates bothâ,b via a twoparameter working model.
The four designs were compared in terms of (1) accuracy, which is the proportion of trials that selected each dose level out of 1000 simulations, (2) patient allocation, which is the proportion of patients treated at each dose level, (3) safety, which is measured by the median number of nontoxicities, moderate toxicities, or DLTs, and (4) precision, which is the observed and approximated median CI width of the 95% CI for the predicted probability of DLT at the MTD.
Results
We have looked at a large number of situations and, for the sake of brevity, we only present a few here. These have not been chosen as a result of any kind of selection process, favorable or otherwise, and can be considered to give a good representation of what takes place across a much larger range of possibilities. We have chosen four scenarios where the dose toxicity curve increases relatively mildly in the vicinity of the MTD (Table 3 ). Performance improves of course when these curves are much sharper and becomes poorer when these curves are flatter. The relative performance however does not change much and that is what we are principally interested in here. Nonetheless, there is something a little atypical or special about those situations where the MTD is the highest level among those available and we provide some explanation on this. Table 4 presents the estimated probability of recommending each dose level for the four designs and for the four scenarios of Table 3 . Clearly, it can be argued that when using a CRM design that utilizes grades, the accuracy is higher in locating the MTD and in allocating to levels at the MTD and around it, as opposed to CRM. However, the gains are small in all cases, typically of the order of a few percent. Performance does not seem to improve very much when grades are modeled explicitly through simple models even when the models are known precisely and not prone to misspecification (as can be judged by comparing the relative performances of CRMG(1,1) and CRMG (1, 2) ). Most of the gain appears to result from using the grades in the first stage of a two-stage design. Given the extra work and unchecked assumptions inherent in using grades in the second stage, we might suggest that the use of grades during the initial escalation, as in CRMG (1,0) , is the most valuable. There are no cases where a design which completely ignores information on grades, i.e. CRM, shows better performance than those that do use such information. Table 5 shows the proportion of patients treated at each dose level. The results are consistent with other findings in the literature that have shown that CRM concentrates the majority of patients at and around the MTD [21] . All methods did not allow skipping dose levels, and CRM without using lower grades used cohorts of three patients per level as long as no DLTs were being observed. This is a conservative initial escalation scheme and slightly more aggressive alternatives might be considered. Designs that use grades provide a compromise while trying to achieve a more aggressive or rapid escalation. Such designs have a safety measure built in, which slows down the dose escalation process once toxicities of moderate grades are encountered. Consistently across all scenarios, CRM with some use of grade information, increases the number of patients treated at the MTD by approximately 5%. This illustrates that the additional information on lower grades, guides to some extent a more informative evaluation of toxicity, by leading the CRM algorithm to the right level faster. However, scenario 3 shows an example where possibly the low rate of observed moderate/mild toxicities allows experimentation to higher dose levels as they are deemed safe, whereas the presence of DLT alone would not have allowed this as much. When the MTD is at the highest level (scenario 4), then there is a tendency to push the experimentation to that level and build up a high frequency of allocation at that level. This is particularly true if b is either underestimated, or given an incorrect low value since, the occurrence of lower grade toxicity tends to confirm that the level has a low enough rate of DLTs for the method to stay there. Only the observation of actual DLTs at the highest level would make the method drop back and, when the target is 0.2, as is common, then we do not expect to encounter many actual DLTs. The results of the sensitivity analysis for the parameter b are available by the first author. Figure 2 shows the median and interquartile range (IQR) for the estimated probability of DLT for the four methods, as estimated by the simulations. All methods are very close to the target rate of 0.2 and the CIs, as estimated by the IQR range are very similar. Consistently across scenarios, the CI width is narrower under CRM-based methods that use lower grade information (Table 6 ). Although the improvement is of the order 3-5%, this gain in precision is obtained without increasing the sample size, which is a major concern in Phase I studies. The additional information from lower grades can potentially increase the precision in our estimate of the MTD as measured by the IQR or CI width, without having to enroll more patients to achieve this. One question of interest is which of the designs provides smaller variability in the estimated probabilities. These results suggest that using lower grades can increase the precision in the estimated value of a and hence the CI width only when b is known. When b is unknown and estimated from the data, the variance of a is very comparable to designs that do not use lower grades at all, depending on the location of true MTD. If the MTD is at the beginning Highlighted values correspond to the MTD. of the dose range, then using lower grades can result in a narrower CI. However, if the true MTD is the last tested level, then using toxicities of lower grades to estimate a two-parameter model might provide more noise and a small increase in the variance of a.
Discussion
In this article, we assessed the use of individual grades in the context of CRM designs using an ordinal response of three levels in an attempt to reduce the complexity of modeling each individual outcome on the scale of 1-5. The proposed methodology models the rate of DLTs separately from the rate of mild/moderate toxicities. We compared the efficiency and accuracy of CRM-based designs that utilize individual grades in various forms as a guide to reaching the MTD. There are clear advantages when we use information from lower grades during the first stage of a two-stage design which makes some intuitive sense. If, at the outset, we are in the immediate vicinity of the MTD, then rather quickly we will observe DLTs, at which point the second stage will initiate. The information for the fine tuning is now provided by the DLTs alone, and little would have been gained since, after all, we were already close to the MTD. If, however, we start the trial at some levels below the MTD, then use of lower grade information can provide important information upon which we can base a decision to accelerate toward the higher levels and, specifically, those levels at and around the MTD. This can clearly result in patient savings when compared with a 3þ3 trial design in which many patients are treated before we are even near the neighborhood, where we anticipate the first DLTs. The only other case is where our initial assumptions are completely off and, rather than start out near the MTD, or below the MTD, we start out above the MTD. In this case, the first DLTs will be encountered even more quickly and that information will be enough to quickly de-escalate until we reach a more appropriate dose level. Since CRM is close to being optimal [22] , these findings support that further information on grades, concurrently with the information we obtain from the DLTs themselves, will not do a lot to improve precision. The small improvement we have observed is when we assume some information is known about the true rates linking the occurrence of the higher grades to that of the intermediary grades. When these models are not known exactly and have to be estimated from the observations, then it turns out that we gain almost nothing, at least in as far as estimation of the MTD itself is concerned. Using information on lower grades as auxiliary information to the estimation of MTD seems to result in smaller variance in the estimated parameter of interest. This smaller variance suggests the potential of identifying the MTD faster compared to other designs. As one referee pointed out, stopping rules can be incorporated to stop the trial earlier so that clinical testing can move forward without treating so many patients in the phase I setting. Stopping rules such as the ones proposed by O'Quigley and Reiner [23] can be used in this setting to stop the trial when the probability of having settled at a level is large enough.
In addition, the probability of selecting a higher dose level, is slightly smaller with methods that use lower grade toxicities which is in agreement with the findings of Lee et al. [11] and Wang et al. [12] . We do gain in that we learn some information about the relationship between the rate for the low grade toxicities and the rates for the higher grade toxicities. But, in some way, that rate at which we learn this information, and the orthogonality of this information with that concerning the identification of the MTD, means that it is never precise enough to allow us to sharpen our inference concerning the MTD alone. Nonetheless, we would conclude by recommending that use be made of this graded information, whether in the first stage of a two-stage design or in both the first and second stages. Although the gains were small, we saw no cases where this information led us astray. Since this information is always available, then there is no strong argument for it not to be used, and, at the very least, we do learn something concerning the relative rates, at given levels, of the occurrence of the different types of grades.
